The U1, U2, U4/U6, and U5 small nuclear ribonucleoproteins (snRNPs) are subunits of splicing complexes that remove introns from mRNA precursors. snRNPs show a complex, transcription-dependent localization pattern in the nucleoplasm of mammalian cells that results from their association with several distinct subnuclear structures, including interchromatin granule clusters, perichromatin fibrils, and coiled bodies. Here we report the analysis of snRNP localization and interaction with the coiled body in live human cells using fusions of snRNP proteins and p80 coilin to the Green Fluorescent Protein (GFP). Despite the large size of the GFP tag, GFP fusions to both the core snRNP SmE and U1 specific U1A proteins assemble into snRNP particles and give an identical nuclear localization pattern to their endogenous counterparts. GFP-coilin localizes specifically to coiled bodies in a transcription-dependent fashion and provides an accurate marker for coiled bodies in a variety of human cell lines. Treatment of cells with the selective ser/thrprotein phosphatase inhibitor, okadaic acid, causes both GFP-snRNP and GFP-coilin proteins to accumulate within nucleoli, but does not result in nucleolar accumulation of the GFP-fused non-snRNP protein splicing factor ASF/SF2. In all four human cell lines tested, expression of a GFP-fused p80 coilin mutant with a single serine to aspartate substitution also caused nucleolar accumulation of splicing snRNPs and coilin, but not ASF/SF2, in structures resembling coiled bodies when viewed by electron microscopy. This work establishes an experimental system for analyzing snRNP trafficking in living cells and provides evidence that a reversible protein phosphorylation mechanism is involved in regulating interaction of snRNPs and coiled bodies with the nucleolus.
INTRODUCTION
The nucleus of the mammalian cell is the site of many different functions required for the correct expression, storage, and replication of the genes within it. Many of these functions are compartmentalized within, and possibly coordinated by, subnuclear compartments or organelles. A number of discrete subnuclear structures have been documented including the nucleolus (reviewed in [1] [2] [3] ); coiled bodies; interchromatin granules and interchromatin granule-associated zones [4 -11] ; PML bodies [12] [13] [14] ; and gems [15] . The functions of and relationships between these membrane-free organelles are not well characterized.
Mammalian nuclei typically show hundreds or thousands of transcription foci throughout the nucleoplasm, as revealed by indirect immunofluorescence detection of sites of pulsed Br-UTP incorporation [16 -21] . These transcription foci probably represent clusters of actively transcribed genes. It has also been reported that DNA replication factors show a punctate nuclear distribution and that sites of DNA replication are associated with specific subnuclear structures called "replication factories" (reviewed in [22] ). Splicing of nuclear mRNA precursors is catalyzed by spliceosomes, comprising both small nuclear ribonucleoprotein (snRNP) subunits and non-snRNP protein splicing factors (reviewed in [23] ). Both snRNPs and protein splicing factors show complex localization patterns which frequently have a punctate or "speckled" appearance. This results from their association with a number of distinct subnuclear structures, including interchromatin granule clusters (IGCs) and perichromatin fibrils (reviewed in [4, 9] ). snRNPs also localize within bright nucleoplasmic foci called coiled bodies that do not contain non-snRNP protein splicing factors. The nuclear organization of snRNPs and protein splicing factors is highly dynamic and has been shown to reorganize following inhibition of transcription, reversible protein phosphorylation, and during mitosis and cell differentiation [4, 24 -30] .
As a model system for understanding structure and function within the nucleus we have concentrated our analyses on the localization of splicing snRNPs and in particular their interaction with the coiled body domain. The original description of coiled bodies [31] termed them "nucleolar accessory bodies" due to their close physical proximity to the nucleolus in the neuronal cells studied. The current nomenclature derives from later EM studies which revealed a coiled fibrillar morphology [32] . Coiled bodies contain snRNAs and snRNP proteins which are also found in IGCs [33] and proteins such as fibrillarin which are also found in the nucleolus [34] . The protein p80 coilin is currently the best marker for identifying the coiled body and was originally identified as a human autoantigen [34 -36] .
Coilin shows a transcription-dependent concentration in coiled bodies and is also present in a diffuse nucleoplasmic pool (reviewed in [9] ). The function of the coiled body remains to be elucidated. Despite containing snRNPs, they do not contain any members of the SR family of splicing factors such as SC-35 or ASF/SF2 [24, 34, 37] , do not contain DNA [34, 38] , and do not accumulate nascent pre-mRNA or polyadenylated RNA [39 -41] . Therefore they are unlikely to be major sites of pre-mRNA splicing, but may instead be involved in some aspect of snRNP maturation, transport, or recycling (Reviewed in [6, 9] ). An association of coiled bodies with certain gene loci, including the U2 and U3 snRNA genes and histone genes has been reported in some cell types, so a role for the coiled body in gene regulation is also possible [42] [43] [44] . The coiled body shows a high degree of evolutionary conservation, with snRNP-containing coiled bodies being found in plant as well as animal cells [45] [46] [47] [48] . Structures similar to mammalian coiled bodies, termed sphere organelles, have also been documented in Xenopus oocytes. The Xenopus sphere organelle/coiled body accumulates exogenously expressed human p80 coilin [49] . Additionally, the Xenopus sphere organelle/coiled body contains a protein, SphI, which is related to p80 coilin [50] . This high level of conservation suggests that the function or functions performed by the coiled body are of fundamental importance. Recent exploitation of the Aequoria victoria green fluorescent protein (GFP) ( [51] ; reviewed in [52, 53] ) has provided a marker with which to visualize proteins of interest in living cells. GFP is fluorescent when expressed as a recombinant protein in eukaryotic cells and has been successfully used to make fusions with a number of cellular proteins, enabling their localization to be visualized in living cells. This technique has been particularly successful in tracking movements of proteins of the endoplasmic reticulum and golgi [54 -57] . GFP has also been used to visualize the distribution and movement of the nuclear proteins ASF/SF2 and polypyrimidine tract binding protein (PTB) in mammalian cells [30, 58] . Here we present data using GFP tagged nuclear proteins to analyze the dynamic interaction of snRNP proteins with the coiled body and the nucleolus in living cells and to study the role of phosphorylation in its control.
MATERIALS AND METHODS
Plasmid constructs. The GFP expression construct phGFP-S65T (Clontech) was modified to contain a multiple cloning site between the BgrGI and NotI sites. The following full-length cDNAs were fused in frame with the GFP coding sequence: p80 coilin as a NotI/ KpnI fragment from plasmid pKH11 (K. Bohmann, unpublished) to make pGFP-coilin; SmE as a BamHI/KpnI fragment (cDNA a gift from R. Lü hrmann) to make pGFP-SmE; and ASF/SF2 as a BglII/ XbaI fragment to make pGFP-ASF. To make the GFP-tagged S202D mutant coilin, pGFP-coilinS202D, an internal BglII fragment from the wild-type coilin fusion was replaced with the corresponding mutated BglII fragment from plasmid pKHS202D [59] . The U1A cDNA (a gift from I. Mattaj) was subcloned into the GFP expression vector pEGFP-N1 (Clontech) as an EcoR1/Kpn1 fragment to form pU1A-GFP. This results in the deletion of the C-terminal 41 amino acids from the U1A sequence.
Cell lines. Human cell lines HeLa, SK-OV-3, and MCF-7 are standard cell lines obtained from ATCC. H36-CE1 is a human lens epithelial cell line isolated from a 36-week-old child and immortalized by SV40/adenovirus infection (unpublished, a gift from A. Prescott).
Cell culture and transfection assays. All cells were grown on coverslips in Dulbecco's modified Eagle's medium (Gibco BRL) supplemented with 10% fetal calf serum and 100 U/ml penicillin and streptomycin (Gibco BRL). Transfections were performed after cells had reached ϳ60% confluence using Dotap (Boehringer-Mannheim) and transfection conditions as recommended by the manufacturers for 6 -12 h.
Okadaic acid was a gift from Dr. C. MacKintosh. A 10 mM stock in DMSO was stored frozen at Ϫ20°C and diluted in tissue culture medium immediately prior to use. Actinomycin-D (Sigma) was stored as a 5-mg/ml stock in ethanol at Ϫ20°C and diluted to 10 g/ml in tissue culture medium immediately prior to use.
Antibodies, fixation, and immunofluorescence. Cells were washed in PBS and fixed for 5 min with 3.7% w/v paraformaldehyde in CSK buffer (10 mM Pipes, pH 6.8; 10 mM NaCl; 300 mM sucrose; 3 mM MgCl 2 ; 2 mM EDTA) at room temperature. Permeabilization was performed with 1% Triton X-100 in PBS for 15 min at room temperature.
Immunofluorescence staining was performed as previously described [24] . All fluorescence microscopy was carried out using a Zeiss LSM 410 confocal laser scanning microscope. Excitation wavelengths of 488 nm (for GFP S65T) and 543 nm (for Texas red) were used. Live cell microscopy was carried out using a POC chamber maintained at 37°C (Bachofer GMBH).
The following antibodies were used: rabbit anti-p80 coilin polyclonal serum 204/5 (dilution 1:350) [60] ; mAb anti-SC-35 (dilution 1:50) [61] ; mAb Y12 anti-Sm (dilution 1:500) [62] ; and rabbit anti-U1A polyclonal serum 856 (dilution 1:500) [63] .
Electron microscopy. HeLa cells were grown on coverslips and transiently transfected with plasmids pGFP-coilin and pGFPcoilinS202D as described above. Live cells were examined using fluorescence microscopy and cells expressing the GFP-tagged constructs were located and their position recorded before the same cells were processed for electron microscopy following standard protocols. Briefly, cells on coverslips were fixed in 2% glutaraldehyde in PBS for 30 min, postfixed in 1% OsO 4 for 20 min, contrasted with 1% uranyl acetate in 70% ethanol for 20 min, dehydrated through a graded ethanol series, and flat embedded in Epoxy resin as described by Langanger et al. (1984) [64] . Coverslips were removed from the embedded cells by immersion in liquid nitrogen. Selected cells were relocated and sectioned using a Reichart Ultracut onto copper grids and stained with lead citrate. Samples were examined with a Joel 1200EX electron microscope operated at 80kV.
TMG column binding assays. Large scale transfections were carried out and nuclear extracts prepared according to Lee and Green [65] . A 1-ml column was prepared using anti-trimethylguanosine (anti-TMG) antibodies conjugated to agarose at 5 mg antibody to 1-ml agarose beads (Oncogene Science). snRNPs were isolated using this column according to Bach et al. [66] . Proteins in eluted and unbound fractions were precipitated using 0.1 vol of 10% SDS and 0.1 vol of 3 M sodium acetate and resuspended in SDS-PAGE sample buffer at an equivalent concentration to unfractionated nuclear extract. Nuclear extract and the eluted and unbound fractions from the TMG column were separated on a 10% SDS-polyacrylamide gel, blotted onto nitrocellulose membrane (Amersham), and the fusion proteins were detected using rabbit anti-U1A polyclonal serum 856 (1:500) and anti-GFP mAb (Clontech) (1:1000). Alkaline phosphatase-conjugated secondary antibodies were used (Boehringer-Mannheim), and the blots were developed using NBT and BCIP (Sigma) as described by the manufacturers.
RESULTS

Tagging snRNP Proteins with GFP
In order to analyze snRNP localization and trafficking in living cells, the GFP tag was fused to both a core, Sm snRNP protein (SmE) and to a U1 snRNP-specific protein (U1A) (Fig. 1A) . GFP was fused in frame at the amino terminus of full-length human SmE and the resulting fusion cDNA cloned under the control of the CMV promoter in a vector derived from phGFP-S65T, to create plasmid pGFP-SmE (see Materials and Methods). GFP was fused in frame to the carboxy terminus of U1A and the resulting fusion cDNA cloned under the control of the CMV promoter in vector pEGFP-N1, to create plasmid pU1A-GFP (see Materials and Methods). The localization of both snRNP-protein-GFP fusions was examined in living cells by fluorescence microscopy, following transient transfection of pGFPSmE and pU1A-GFP into HeLa cells (Figs. 1B-1E ). Both proteins showed clear accumulation in the nucleoplasm, with GFP-SmE giving a typical "speckled" pattern, while U1A-GFP has a less punctate nucleoplasmic distribution (Fig. 1 , cf. 1B and 1C with 1D and 1E).
To compare the distribution patterns of GFP-SmE and U1A-GFP with endogenous Sm and U1A proteins, HeLa cells transiently transfected with pGFP-SmE and pU1A-GFP were fixed and labeled with either anti-Sm (Y12) or anti-U1A antibodies, respectively. These cells were analyzed by confocal fluorescence microscopy, which showed precise colocalization of the GFP and antibody labeling in both cases (Figs. 2A-2F). The antibody labeling shown in Fig. 2 is consistent with previously published snRNP localization data (reviewed in [9] ). A comparison of snRNP labeling in untransfected and transfected cells also demonstrates that both GFP-SmE and U1A-GFP show an apparently identical localization to their untagged, endogenous counterparts (Fig. 2 , cf. red and yellow staining in confocal overlays shown in C and F).
An interesting difference between the SmE and U1A distribution patterns, seen for both GFP-fused and endogenous proteins, is the prevalence in most cells of brightly stained SmE foci, which in less than 10% of cells also contain U1A (Figs. 2C and 2F and other data not shown). The bright SmE foci correspond to coiled bodies, as demonstrated by indirect immunofluorescence labeling of HeLa cells that had been transiently transfected with pGFP-SmE, using a polyclonal antip80 coilin antibody (Figs. 2G-2I, cf. arrows in 2I).
GFP-Tagged snRNP Proteins Are Assembled into snRNPs
It was important to determine whether the GFPfusion proteins were assembled into snRNP particles, particularly for the U1A-GFP fusion, which has a small deletion from the C terminus of the U1A coding sequence. To test for snRNP assembly, nuclear extracts were prepared from HeLa cells that had been transiently transfected with pU1A-GFP and the extract passed over an affinity column containing anti-TMG cap antibodies. This column selectively binds snRNAs via their 5Ј trimethylguanosine cap and consequently proteins bound to snRNAs are retained on the column. Following elution with 7-methyl guanosine, the unbound and bound fractions were separated by SDS- PAGE, blotted onto nitrocellulose membrane, and analyzed using both anti-GFP and anti-U1A antibodies as probes (Fig. 3) . This shows similar proportions of both the endogenous U1A and the GFP tagged U1A eluting primarily in the TMG-bound snRNP fraction (Fig. 3, cf. lanes 1 and 4) . Similar results were obtained for the GFP-SmE fusion protein (data not shown), showing it also assembles into snRNP particles. Since GFP-SmE shows strong nuclear fluorescence, these data are consistent with previous studies showing that Sm proteins only enter the nucleus after assembly in the cytoplasm with spliceosomal snRNAs (Reviewed in [67] ). These data demonstrate that GFP-tagged proteins can assemble into mature snRNP particles, despite the large size of the tag compared to the proteins of interest.
GFP-Tagged p80 Coilin Localizes to Coiled Bodies in Living Cells
To try and isolate a marker for coiled bodies in living cells, GFP was fused in frame to the amino terminus of full-length p80 coilin with the resulting fusion cDNA cloned under the control of the CMV promoter in a vector derived from phGFP-S65T (Fig. 4A ). This construct, pGFP-coilin, was transiently transfected into HeLa cells and whole cell lysates prepared from transfected cells were separated by SDS-PAGE, blotted onto nitrocellulose membrane, and analyzed using an anticoilin polyclonal antibody [60] (Fig. 4B) . This showed that a single extra coilin band was present specifically in lysates prepared from HeLa cells expressing pGFPcoilin (Fig. 4B, lane 3) . The extra band migrated at approximately 110 kDa, consistent with the addition of the Ϸ30-kDa GFP tag to the Ϸ80-kDa endogenous coilin band. Control untransfected cells (Fig. 4B , lane 1) and cells expressing unfused GFP (Fig. 4B, lane 2) or the U1A-GFP fusion (Fig. 4B, lane 4) showed only the endogenous coilin protein at 80 kDa.
The subcellular distribution of the GFP-coilin fusion protein was examined by confocal microscopy in live HeLa cells that had been transiently transfected with pGFP-coilin (Figs. 4C and 4D ). GFP fluorescence was seen exclusively in the nucleus, where it concentrated in a number of small, bright foci (Fig. 4C, arrows) , with an additional diffuse nucleoplasmic signal, excluding nucleoli, also apparent. This pattern is consistent with that previously seen using antibodies to p80 coilin in fixed cells. To determine whether the GFP-tagged coilin was associated with endogenous coiled bodies, HeLa cells transiently transfected with pGFP-coilin were fixed with paraformaldehyde and used for indirect immunofluorescence studies using a polyclonal anti-coilin antibody (Figs. 4E and 4F). Analysis by confocal fluorescence microscopy showed a precise colocalization of the GFP and antibody labeling (Fig. 4F) , demonstrating that the GFP-coilin fusion protein correctly localized to coiled bodies. The number, size, and location of coiled bodies appeared identical in the nuclei of untransfected HeLa cells and cells expressing GFP-coilin (Fig. 4F and other data not shown) .
The morphology of the structures containing GFPcoilin was further examined by electron microscopy. Confocal optical sections of HeLa cells expressing GFPcoilin were taken prior to their fixation and processing for electron microscopy (Fig. 5A) . Examination in the electron microscope of sections prepared from the same cells confirmed that the structures containing GFPcoilin showed typical coiled body morphology (Figs.  5B-5D, arrows) . Additionally, we observed no obvious morphological changes in the nucleus attributable to the expression of the GFP-coilin fusion protein (compare expressing to nonexpressing cells in Figs. 5A and 5B).
In summary, the GFP-coilin fusion protein can be expressed in HeLa cells, where its localization is indistinguishable from that of endogenous coilin at the level of both fluorescence and electron microscopy.
GFP-Coilin Localization Is Transcription-Dependent
Since coiled body formation is known to be transcription-dependent [24] , we next examined the effect of blocking transcription with actinomycin-D on the localization of GFP-coilin (Fig. 6) . HeLa cells were transiently transfected with pGFP-coilin and live cells were   FIG. 3 . GFP-snRNPs assemble in snRNP particles. Detection of U1A-GFP fusion protein following chromatography on an anti-TMG cap affinity column to purify assembled snRNP particles. Nuclear extract prepared from cells expressing U1A-GFP was analyzed on a 10% SDS-PAGE gel. Lanes represent total extract before application to the column ( lanes 1 and 5) ; unbound flow-through from column (lane 2); material eluted with buffer alone (lane 3); and material eluted with buffer containing 7-methylguanosine to elute intact snRNPs (lanes 4 and 6). Gel fractionated proteins were transferred onto nitrocellulose and probed with either an anti-U1A antibody (lanes 1 to 4) or an anti-GFP antibody (lanes 5 and 6). The U1A antibody detects both endogenous U1A (30 kDa) and the U1A fusion protein (60 kDa), while the anti-GFP antibody detects specifically the U1A-GFP fusion protein (60 kDa).
imaged in the confocal fluorescence microscope at low magnification prior to actinomycin-D treatment (Fig.  6A) . The same cells were imaged again following a 3-h incubation in medium containing 10 g/ml actinomycin-D (Fig. 6B) . A comparison of the images taken before and after actinomycin-D treatment showed that GFP-labeled coiled bodies present before treatment were lost while the GFP-coilin relocalized, forming distinct cap structures at the nucleolar periphery (Fig. 6 , cf. 6A and 6B). The relocalization of GFP-coilin to perinucleolar caps is illustrated more clearly in 3-dimensional projections of serial confocal optical sections of actinomycin-D-treated cells (Figs. 6C and 6D, arrows) . As these data were recorded from living cells, the cell volume was not decreased by fixation, resulting in improved 3-D resolution. This analysis demonstrates directly that in living cells the coiled body is a dynamic structure and that coilin relocalizes from nucleoplasmic bodies to the nucleolar periphery upon inhibition of transcription.
Okadaic Acid Results in the Accumulation of GFP-Tagged snRNP Proteins and p80 Coilin in the Nucleolus
Having observed that the coiled body is a dynamic structure in living cells, we next investigated the effects of the specific protein phosphatase inhibitor, okadaic acid, on localization of GFP-tagged snRNP proteins and p80 coilin (Fig. 7) . HeLa cells were transiently transfected with pGFP-SmE, pU1A-GFP, or pGFP-coilin and living cells were analyzed by confocal fluorescence microscopy after 24 h incubation in either control medium or in medium containing 10 nM okadaic acid (Figs. 7A-7C and 7E-7G). Within 24 h of exposure to 10 nM okadaic acid, approximately 70% of transfected HeLa cells showed distinct accumulation of GFP-SmE and GFP-coilin within a subregion of the nucleolus (Figs. 7E and 7F, arrows) . In parallel analysis of equivalent, control transfected HeLa cells incubated for 24 h in medium lacking okadaic acid, less than 15% of cells showed nucleolar accumulation of either GFP-SmE or GFP-coilin (Figs. 7A and 7B and other data not shown). Small nucleoplasmic coiled bodies are seen in addition to the nucleolar accumulations following okadaic acid treatment. These contain both p80 coilin and SmE (data not shown). Interestingly, U1A-GFP, which shows a low rate of association with the coiled body in untreated cells (cf. Fig. 2 ), is found in nucleolar accumulations in only Ϸ30% of okadaic acidtreated cells (Fig. 7G) . The proportion of U1A-GFP signal in the nucleolus relative to the nucleoplasmic signal is also reduced as compared with GFP-coilin and GFP-SmE (Fig. 7 , compare 7G with 7E and 7F). As a control for these studies on redistribution of coiled body-associated proteins, we also analyzed the localization of the SR protein ASF/SF2 with GFP fused to its amino terminus (pGFP-ASF/SF2). SR proteins do not localize in coiled bodies (reviewed in [4, 9] ). A similar GFP-ASF/SF2 fusion has been published recently and demonstrated to give a speckled nucleoplasmic localization and to be functional in promoting alternative splicing [58] . HeLa cells were transiently transfected with pGFP-ASF/SF2 and incubated for 24 h, either in control medium or in medium containing 10 nM okadaic acid. In contrast with the GFP-fusions to snRNP proteins and p80 coilin, treatment of cells expressing GFP-ASF/SF2 with 10 nM okadaic acid causes no apparent change in the localization of GFP-ASF/SF2, which does not accumulate within nucleoli (Figs. 7D and 7H) . Collectively, these data suggest a correlation between the degree of association of a protein with the coiled body and its tendency to form nucleolar accumulations on okadaic acid treatment.
A Point Mutation in p80 Coilin Causes Relocation of Coiled Body Associated Proteins to the Nucleolus
We have recently observed that transient expression of a coilin mutant with a single serine to aspartate substitution at position 202 results in the loss of nucleoplasmic coiled bodies and the appearance of both snRNP and p80 coilin antigens within the nucleolus [59] . In order to assay the effect of this mutation in living cells, the coilinS202D mutant was fused at its amino terminus with GFP under the control of the CMV promoter (pGFP-coilinS202D, see Materials and Methods). Both pGFP-coilin and pGFP-coilinS202D were expressed in HeLa cells by transient transfection and live transfected cells imaged in the confocal fluorescence microscope (Fig. 8) . While the wild-type coilin-GFP fusion localized specifically to nucleoplasmic coiled bodies (Fig. 8A, arrows) , the GFP-coilinS202D protein showed both an increased diffuse nucleoplasmic signal and accumulation within the nucleolus (Figs. 8B and 8C, arrows) . The increased nucleoplasmic pool of GFP-coilinS202D is significantly above that generally seen on expression of the GFP-coilin wildtype construct, so is apparently a specific effect of the mutation. To characterize the phenotype of the coilinS202D mutation further, HeLa cells transfected with pGFP-coilinS202D were fixed with paraformaldehyde and labeled with anti-Sm, anti-U1A, or anti-SC-35 antibodies (Fig. 9) . The anti-Sm antibody showed clear nucleolar staining specifically in cells expressing the GFP-coilinS202D mutant (Figs. 9A-9C , arrows). In contrast, neither the anti-U1A antibody (Figs. 9D-9F ) nor the antibody to the non-snRNP protein splicing factor, SC-35 (Figs. 9G-9I ) labeled intranucleolar structures in cells where clear accumulation of GFP-coilinS202D was evident (Figs. 9D and 9G,  arrows) .
To examine the intranucleolar sites of coilinS202D accumulation in more detail, HeLa cells were transiently transfected with pGFP-coilinS202D and analyzed by electron microscopy (Fig. 10) . Living cells expressing GFP-coilinS202D were identified and imaged in the confocal fluorescence microscope (Fig. 10A ) and selected cells processed for electron microscopy. Analysis in the electron microscope of serial sections prepared from these cells revealed electron dense intranucleolar bodies coinciding with the sites of GFP fluorescence (Figs. 10B-10D, arrows) . The ultrastructural morphology of these intranucleolar bodies shows similarity to the structures seen within the nucleoli of HeLa cells treated with okadaic acid [59] . This suggests that both expression of the coilinS202D mutant, and treatment of cells with 10nM okadaic acid, may produce similar effects on nucleolar ultrastructure.
To assess the generality of the effect observed in HeLa cells of expressing the coilinS202D mutant, we next compared the localization of wild-type coilin and mutant coilinS202D-GFP fusions in other human cell lines (Fig. 11) . Plasmids pGFP-coilin and pGFPcoilinS202D were transiently transfected into either ovarian adenocarcinoma cells bodies have been previously reported in a derivative cell line of human MCF-7 cells [68] . While we cannot exclude that the MCF-7 cell line examined here contains a mutated version of endogenous p80 coilin, we note that wild-type GFP-coilin also shows enhanced accumulation within nucleoli of transfected MCF-7 cells (data not shown). Different cell types thus vary in the extent to which coiled body proteins are detected within nucleoli in the absence of drug treatment or transfection, suggesting this represents an authentic physiological interaction.
In summary, the data show, using live cells, that a point mutation in p80 coilin, replacing a single serine residue with an aspartate, causes a dramatic change in subnuclear organization resulting in both coilin and splicing snRNPs accumulating in subnucleolar structures.
DISCUSSION
We have investigated the organization of splicing snRNPs and their interaction with the coiled body in live mammalian cells by transiently expressing snRNP proteins fused to the green fluorescent protein (GFP). Both the U1 snRNP-specific U1A and the core snRNP SmE proteins show identical localization patterns to their endogenous counterparts when fused to GFP and transiently expressed in HeLa cells. Biochemical analysis shows that these GFP fusion proteins also assemble into snRNP particles. This is a particularly striking result since the U1A protein is of comparable size to the GFP tag while the SmE protein is only half the size of GFP. The GFP-SmE fusion protein shows a speckled nucleoplasmic localization with additional bright foci that correspond to coiled bodies. We also observe that a fusion of GFP to the coiled body protein, p80 coilin, localizes in coiled bodies and shows an identical intranuclear distribution to endogenous p80 coilin when transiently expressed in either HeLa cells or in a variety of other human cell lines. Collectively, these data establish the first experimental system for analyzing the trafficking of snRNPs and coiled bodies in live cells.
Using this experimental system we have directly observed the dynamic behavior of the coiled body in live HeLa cells in response to a change in transcriptional activity. Fluorescence imaging of the same, live HeLa cells expressing GFP-coilin, both before and after transcription, was inhibited by exposure to Actinomycin-D and showed a dramatic relocation of GFP-coilin from nucleoplasmic coiled bodies into perinucleolar "caps." These data are consistent with earlier studies using fixed cells that examined the effect of transcription inhibitors on the localization of p80 coilin and other nuclear antigens [24] . The present observations in live cells underline the transcriptional dependence of coiled body formation and provide a direct demonstration that the localization of p80 coilin to either nucleoplasmic coiled bodies, or perinucleolar caps, ac- cording to the transcriptional activity of the cell, represents an authentic, dynamic subnuclear organization that is not caused indirectly by fixation protocols.
The dynamic organization of both coiled bodies and splicing snRNPs has also been observed in response to treatment of HeLa cells with okadaic acid, which results in both GFP-SmE and GFP-coilin accumulating at discrete regions within the nucleolus. This effect is less prominent with U1A-GFP, while GFP-ASF/SF2, a non-snRNP protein splicing factor that does not localize in coiled bodies, does not accumulate in nucleoli after okadaic acid treatment. It is interesting in this regard that U1A-GFP also shows less frequent association with coiled bodies in untreated cells and points to a possible functional link between the localization of specific proteins in the coiled body and their interactions with the nucleolus. Coiled bodies are often found at the nucleolar periphery (reviewed in [9] ) and have been observed within nucleoli of human breast carcinoma cells and hepatic cells of hibernating dormice [68, 69]. Evidence for a functional interaction between coiled bodies and the nucleolus was also provided by experiments showing that expression of certain p80 coilin deletion mutants in HeLa cells disrupted the structure and function of nucleoli as well as coiled bodies [60] . We have shown previously that the selective serine-threonine protein phosphatase inhibitor, okadaic acid [70] , causes specific changes in nuclear organization. This includes the relocalization of p80 coilin and snRNPs to the nucleolus [59] . Here we observe directly the dynamic behavior of snRNPs and p80 coilin in response to okadaic acid. This provides further evidence in favor of a functional interaction between the coiled body and nucleolus.
It is significant that examination of different human cell lines (this work, see also [68] ) and cell lines from other species (unpublished observations) shows variable levels of endogenous coiled body antigens within nucleoli of untransfected cells that have not been exposed to metabolic inhibitors. This suggests that formation of intranucleolar bodies containing p80 coilin and splicing snRNPs may be part of a normal intranuclear trafficking pathway. The conditional localization of coiled bodies within dormice liver cells, according to physiological conditions [69] , and the relocalization of p80 coilin into nucleoli during the differentiation of lens fiber cells [71] further indicate that a trafficking pathway of snRNPs through the nucleus is a genuine physiological occurrence, rather than being a feature of transformed cell lines in vitro. The accumulation of snRNPs within nucleoli may thus result from changes in either the rate of snRNP entry into the nucleolus, the rate of snRNP export from the nucleolus, or both. We favor the idea that okadaic acid may promote nucleolar accumulation of splicing snRNPs and p80 coilin by perturbing this equilibrium.
Since okadaic acid is a selective inhibitor of ser/thrspecific protein phosphatases PP1 and PP2A [70] , it is interesting that expression of a p80 coilin mutant with a single serine to aspartate substitution also results in coilin and splicing snRNPs accumulating within nucleoli. p80 coilin is known to be phosphorylated on serine residues in vivo [25] . If there is a common mechanism involved in the effects seen with okadaic acid and the coilinS202D mutant, this may reflect the role of a reversible phosphorylation mechanism in controlling the movement of snRNPs through the nucleolus. For example, the replacement of serine with the acidic aspartate residue at position 202 may mimic an irreversibly phosphorylated form of p80 coilin, while the inhibition of a specific protein phosphatase activity by okadaic acid may prevent dephosphorylation of one or more phosphoserine residues in wild-type coilin, with consequently similar effects. We note that several recent studies have implicated phosphorylation mechanisms in the control of nucleoplasmic localization of snRNPs and protein splicing factors, in particular involving their association with "speckles" (reviewed in [29] ). For example, addition of the SR motif-specific kinase, SRPK1, to permeablized cells resulted in disruption of the speckled localization pattern of SR protein splicing factors [72] . Interference with PP1 activity in transcriptionally active, permeabilized cells has also been shown to affect the distribution of pre-mRNA splicing factors [73] . Furthermore, treatment of HeLa cells with 1 M okadaic acid was observed to cause speckled structures to become more diffuse [58] . In contrast, treatment with 50 mM Staurosporine, a general ser/thr kinase inhibitor, caused speckles to adopt a more rounded morphology and also blocked dynamic movements of protein splicing factors at the periphery of speckles. Our present studies on the interaction of splicing snRNPs with coiled bodies and nucleoli underline the potential importance of reversible protein phosphorylation mechanisms for controlling nuclear organization and the interaction of factors with distinct subnuclear compartments.
The existence of a trafficking pathway for the interaction of splicing snRNPs with the nucleolus would imply that some aspect of snRNP maturation or function occurs within nucleoli. At present there is no evidence for pre-mRNA splicing, which is the major function of snRNPs, taking place within nucleoli, although some studies suggest that export of mRNA from the nucleus could involve the nucleolus [74] . An alternative possibility is that the nucleolus is involved in snRNP maturation, possibly including modification of snRNAs [9] . Similar base and sugar modifications of rRNAs occur within the nucleolus and it is possible that the same or related enzymes act on both rRNA and snRNAs. In this regard it is intriguing that both the endogenous U1A protein and the U1A-GFP fusion protein show significantly less frequent accumulation in either coiled bodies or nucleoli than either the core snRNP Sm proteins or the U2 snRNP-specific B protein (this work, see also review in [9] ). U1 snRNA receives a lower level of base and sugar modifications than does U2 snRNA [75] . In this view the coiled body may be acting as a transport structure to move splicing snRNPs between the nucleoplasm and nucleoli, although this does not exclude that it could also play other roles, for example, nucleoplasmic coiled bodies associate in some cell lines with specific gene loci, including U1, U2, U3, and histone genes, and may regulate gene activity [42] [43] [44] . Future experiments will be aimed at characterizing the interaction pathway between snRNPs, coiled bodies, and nucleoli. We anticipate that the experimental system using GFPsnRNP protein fusions described here will prove fundamental for these studies.
